Aim: The herbal prescription Chang'an II is derived from a classical TCM formula Tong-Xie-Yao-Fang for the treatment of liver-qi stagnation and spleen deficiency syndrome of irritable bowel syndrome (IBS). In this study we investigated the effects of Chang'an II on the intestinal mucosal immune barrier in a rat post-inflammation IBS (PI-IBS) model. Methods: A rat model of PI-IBS was established using a multi-stimulation paradigm including early postnatal sibling deprivation, bondage and intrarectal administration of TNBS. Four weeks after TNBS administration, the rats were treated with Chang'an II (2.85, 5.71 and 11.42 g·kg -1 ·d -1
Introduction
Irritable bowel syndrome (IBS) is a chronic gastrointestinal disorder with a reported high prevalence (7%-10%) in the world population [1] . Patients with IBS suffer from recurrent abdominal pain and altered bowel habits. Clinical IBS is not only confined to the colon, but it also extends to other organs and systems. This disease is associated with multiple comor-# These authors contributed equally to this work. * To whom correspondence should be addressed. bidities such as dyspepsia, interstitial cystitis, fibromyalgia, chronic fatigue, insomnia, headache/migraine and psychiatric disturbances [2] . The herbal prescription Chang'an II is derived from a classical traditional Chinese medicine (TCM) formula, ie, Tong-XieYao-Fang (TXYF), which was one of the first recorded TCMs and has been used to treat the liver-qi stagnation and spleen deficiency syndrome of IBS [3] since the Yuan dynasty. Experimental evidence has shown that the analgesic effect of TXYF is obvious in IBS rats by adjusting the level of 5-hydroxytryptamine (5-HT) and corticotropin releasing factor (CRF) [4] . Clinical study results have demonstrated that TXYF has an important role in anti-pain and anti-diarrhea effects on diarrhea- [5] . Recently, researches have also shown that TXYF regulates the levels of cytokines in the colonic mucosa, which could be the possible molecular mechanism for its effect on D-IBS [6] . However, the precise mechanism of TXYF action has not become fully clear.
Because the herbal prescription Chang'an II for Shugan and warming the spleen and bowel has been used to treat IBS, an experimental animal model that shares some features with human IBS is needed for the comprehensive study of the neuroimmuno-gastroenterology of IBS and liver-qi stagnation and spleen deficiency. In this study, a post-inflammation irritable bowel syndrome (PI-IBS) rat model was established through complex stimulation with early postnatal sibling deprivation (EPSD), bondage and trinitro-benzene-sulfonic acid (TNBS) administration. In fact, this animal model exhibits symptoms that most closely match those of PI-IBS, such as interstitial cystitis, visceral hypersensitivity and psychiatric disturbances, which were assessed in the present study.
Component contents of Chang'an II are as follows: TXYF (paeoniflorin 0.15%, hesperidin 0.0014%, atractylenolide, radix sapshnikoviae) and ginger carbon. The peony and pericarpium citri reticulatae have been recognized as valuable traditional herbs in TCM and are used in the treatment of inflammatory immune diseases. Modern pharmacological studies have demonstrated that the peony has immunoregulatory effects, anti-inflammatory effects, and anti-anxiety effects [7] [8] [9] . However, additional studies are required to clarify the protective effects of Chang'an II on the intestinal mucosal barrier in the PI-IBS model. Hence, further investigations may offer new insights into the systemic pharmacological repair mechanisms of Chang'an II. All in all, the aim of the present study was to evaluate the effects of the herbal prescription Chang'an II on the intestinal mucosal immune barrier using a new rat PI-IBS model.
Materials and methods

Animals
Adult pregnant Sprague-Dawley rats (220-230 g), provided by the Animal Facility at the Health Science Center of Peking University (Beijing, China), were housed in the laboratory animal room and maintained at 25±1 °C with 65%±5% humidity on a 12 h light/dark cycle (lights on from 7:30 to 19:30). Animals were given food and water ad libitum. Only newborn male rats were used. All experimental protocols described in this study were approved by the Ethics Review Committee for Animal Experimentation of Xiyuan Hospital, China Academy of Chinese Medical Sciences.
Experimental medicine
The ingredients of Chang'an II were as follows: 18 g rhizoma atractylodis macrocephalae, 12 g radix paeoniae alba, 9 g pericarpium citri reticulatae, 6 g radix sapshnikoviae and 10 g ginger carbon, which are clinically used as the daily dose for human.
Chang'an II (brown cream, paeoniflorin 38.35 mg/g exact and atractylodes 47.76 mg/g and hesperidin 0.57 mg/g) was provided by the Department of Pharmaceutical Preparation of Xiyuan Hospital, according to good manufacturing practices. All herbs were bought from qualified suppliers in China, and high-performance liquid chromatography (HPLC) fingerprint analysis of Chang'an II was performed for quality control of the preparation (see Supplementary Figure 1 ). Chang'an II was kept at room temperature. The rats were stimulated with TNBS for 3 weeks and then given Chang'an II (2.85, 5.71, or 11.42 g/kg) intragastrically (ig) once daily for 14 consecutive days ( Figure 1 ). The sham and PI-IBS model groups were given saline. The dosage of Chang'an II used for the present experiment was calculated according to the clinical dosage of the raw materials from TXYF.
The interleukin (IL)-1β enzyme-linked immunosorbent assay (ELISA) kit, IL-4 ELISA kit, mouse CD4 mAb kit and mouse CD8 mAb kit were purchased from R&D Systems, Inc (ebioscience, San Diego, CA, USA).
Early postnatal sibling deprivation (EPSD)
Litters were randomly allocated for EPSD treatment at 9:00-12:00 AM, from post-natal d 2 (PN2) to PN14. For the normal controls, litters were housed together with their mother. After weaning, the pups were housed together with the same sex and group (4 pups per cage). The pups' physical development was recorded, and body weight was recorded on PN1, PN7, PN14, PN21, PN28, PN42, and PN56. Ear unfolding, eye opening, testis descent and vaginal opening were detected on PN3, PN13, PN23, and PN36, respectively. Maternal care behaviors, including licking/grooming, were observed during PN1-14. From PN30 on, the male adult pups from the EPSD group were randomly divided into the following 4 groups (n=8): the PI-IBS model group, the PI-IBS+Chang'an II high-dose group (11.42 g/kg), the PI-IBS+Chang'an II medium-dose group (5.71 g/kg), and the PI-IBS+Chang'an II low-dose group (2.85 g/kg) ( Figure 1 ). Induction of colitis using TNBS After pentobarbital anesthesia, colitis was induced in the rats according to published methods [10] [11] [12] via the intrarectal administration of 0.3 mL of a solution of TNBS (30 mg) in 50% ethanol at PN30. The control rats received 0.3 mL of the 50% ethanol vehicle. All solutions were delivered via a soft catheter introduced 8 cm beyond the anus.
Bondage stress
Bondage stress was imposed on the rats for 3 h per day (9:00-12:00 AM) for 21 continuous days from PN44 (2 weeks after grouping).
Abdominal withdrawal reflex (AWR)
One day after colitis induction and one day after Chang'an II medication, colorectal distension (CRD) was administered, and the AWR score was quantified for individual rat in all groups. CRD was performed as previously described [13] . A latex double-lumen catheter attached to a balloon dilator (2 mm in diameter) was used. The balloon was coated with vaseline and inserted into the descending colon with the distal tip 8 cm from the anus, and CRD was maintained via water injection. The rats were placed in small lucite cubicles and were allowed to wake up and adapt for 15 min. To achieve an accurate measurement, the distention was repeated 3 times. Blind observers measured the AWR responses, which were assessed according to the following scale: 0, no behavioral response to CRD; 1, brief head movement followed by immobility; 2, contraction of the abdominal muscles; 3, lifting of the abdomen; and 4, body arching and lifting of pelvic structures. In the present study, CRD was calculated as the quantity of water injected when the AWR score was 3.
Open field test
Rats were placed individually in the middle of an open field apparatus (height: 40.0 cm; length: 100.0 cm; width: 100.0 cm) between 8:00 and 11:00 AM. As described in previous studies [14, 15] , 25 squares (20.0 cm×20.0 cm) were delineated on the floor, and the number of times the rats crossed between squares was counted by two observers (blind to the experimental groups) over a 10-min period. Crossing, as a measure of locomotion, was counted when the rat moved all four legs from one quadrant to another. After each trial, the open field apparatus was carefully cleaned.
Two-bottle sucrose intake test
To test the effect of Chang'an II on depression, the two-bottle sucrose intake test was performed as described in a previous study [14] . Rats were housed singly over the test. The test procedure included three steps. (1) Adaptation: on d 1 after Chang'an II medication, a bottle filled with water and a bottle filled with 2% sucrose solution were placed in symmetric positions on the same cage wall at 2:00 PM. On d 2 of Chang'an II medication, the locations of the water and sucrose bottles were switched to balance side preference. (2) Deprivation: immediately following adaptation, the sucrose solution was removed, and the rats were deprived of both food and water for 23 h. (3) Test: immediately following deprivation, all animals were given 1-h access to one bottle of a 2% sucrose solution and one bottle of tap water. At the end of the test, all rats were returned to group housing with ad libitum access to food and water. The volume of the two solutions was used as the index of drinking.
Transmission electron microscopy (TEM) TEM was used to evaluate the effect of Chang'an II on the intestinal mucosal barrier at the ultrastructural level. Rats were sacrificed on the 5th day after Chang'an II medication.
Intestinal mucosal fragments were fixed with 2.5% glutaraldehyde solution overnight at 4 °C and with 1% osmic acid for 2 h followed by 3-time washes with PBS. After the specimens were embedded in an Epon/Araldite mixture and stained with uranyl acetate and lead citrate, the intestinal mucosal barrier was observed under a 1230 type transmission electron microscope (Electron Co, Tokyo, Japan) and photographed.
Measurement of IL-4 and IL-1β
The concentrations of IL-4 and IL-1β in the supernatants of intestinal mucosa homogenates were measured via ELISA using commercially available kits (R&D) according to the manufacturer's instructions. The recorded values are presented in U/L.
Immunohistochemical examination of CD4
+ and CD8 + cells To examine CD4 and CD8 expression, the proximal and distal colon were collected and cut into 4-μm-thick sections and processed for CD4 and CD8 staining. The number of positive cells was counted in six high-power fields (400×) for each coded slide, and the mean was calculated.
Data quantification and statistical analysis
All data are presented as the mean±SD. Statistical significance was analyzed via one-way analysis of variance (ANOVA) followed by Tukey's test for multiple comparisons. P<0.05 was considered statistically significant.
Results
Effects of Chang'an II on body weight, AWR, and fecal water content in PI-IBS rats After the TBNS treatment, the rats presented decreased body weight, compared with the control rats (Figure 2 ). There were no differences in body weight between the model group and the Chang'an II groups (Figure 2A) . In comparison to the PI-IBS group, water injection in the Chang'an II groups clearly increased at an AWR score of 3 ( Figure 2B ). The PI-IBS group showed a significant decrease in water injection quantity and at an AWR score of 3, which coincided with higher fecal water content ( Figure 2C ). These results suggest that the rats treated 
Effects of Chang'an II on locomotor activity (open field test)
As shown in Figure 2D , ANOVA analysis revealed significant inhibitory effects of EPSD treatment on the crossing times (P<0.01). However, Chang'an II treatment increased the crossing times in the open field test (P<0.05), which suggests that Chang'an II reduced the rats' anxiety behaviors. Figure 2E shows the volume of water and sucrose consumed during the sucrose preference test. ANOVA analysis revealed that there was a significant decrease in sucrose preference after 
Effects of Chang'an II on sucrose intake
Effects of Chang'an II on the ultrastructural morphology of the intestinal mucosal barrier
The intestinal mucosal barrier in the normal control rats showed integrity mediated by colonic epithelial cells (CECs), whereas CECs in the PI-IBS rats displayed significant edema. Moreover, the PI-IBS rats showed a loss of intestinal mucosal barrier integrity, with pericellular edema and vacuolation and membrane damage. Intracellularly, the nuclei of CECs were swollen, the mitochondria were decreased and swollen with decreasing ridges, and the rough endoplasmic reticulum (RER) was decreased and dilated with degranulation. However, oral administration of Chang'an II (2.85, 5.71, and 11.42 g/kg) repaired the injury mentioned above (Figure 3 ).
Chang'an II prevents colitis-associated influx of inflammatory cells into the colonic submucosa As shown in Figures 4, TNBS-induced colitis was associated with increased numbers of CD8 + cells and decreased CD4
+ cells in the lamina propria and submucosa ( Figure 4A and 4B) . However, the rats treated with Chang'an II showed significantly lower numbers of CD8 + cells and higher ratios of CD4
+ cells (P<0.01, Figure 4C ). To study whether the inflammatory process was affected, we evaluated the concentrations of IL-4 and IL-1β in the supernatants of intestinal mucosa homogenates. Colitis induction was associated with increased levels of IL-1β and decreased levels of IL-4 (P<0.01). However, the rats treated with Chang'an II showed significantly decreased levels of IL-1β and increased levels of IL-4 compared with the vehicle controls (P<0.05) ( Figure 5 ).
Discussion
IBS is a common gastrointestinal disorder and is considered to be a functional disease because there appears to be no associated anatomical defect. Stress and psychological factors are thought to have an important role in IBS [16] . In addition, there is growing acceptance that acute gastroenteritis may precipitate the development of IBS [17] , and recent research has suggested that interactions among the gut, immune system, and nervous system lead to IBS. Therefore, therapeutic options have expanded to relieve bowel movement-related symptoms and pain [18, 19] . Many patients also seek help from complementary and alternative therapies, primarily Chinese herbal formulas (CHFs) [20] .
. TCM is commonly used to treat IBS in China, although the results have been shown to be conflicting. In fact, the therapeutic effects of herbal drugs are very difficult to evaluate because of variations in botanical components, the lack of purification and quality control, and the absence of preclinical animal models, and other factors [21, 22] . In this study, the rat model of PI-IBS, with associated symptoms of visceral hypersensitivity, high fecal water content, anxiety, depression, and slight colitis, was developed through stimulation with EPSD, bondage and TNBS. Together, these symptoms coincided with liver-qi stagnation and spleen deficiency in TCM. After treatment with Chang'an II, the PI-IBS rats presented not only with lower AWR scores and fecal water content but also with a reduction in depression and anxiety, with significantly decreased permeability. In addition to previously identified behavioral determinants, inflammation and immune cells are important in the development of IBS (Figure 4) . Our results indicate that Chang'an II induced protection of the intestinal mucosal barrier, which may have been due to a decrease in the CD4 + /CD8 + ratio and an increase in the level of IL-4. Stress is known to enhance responses to subsequent inflammatory 
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Acta Pharmacologica Sinica npg stimuli characterized by colonic paracellular permeability due to disruption of tight junctions [23, 24] . Intestinal permeability can be assessed using multiple techniques. We used electron microscopy in this study, and supporting examples are available in animal-based studies. Our results showed that improvements in intestinal barrier function and intestinal hypersensitivity were closely related to inflammation and stress.
Modern pharmacological studies have demonstrated that atractylodes lactone, the most important component of Chang'an II, provides anti-inflammatory and anti-anxiety effects [1, 25] , whereas the total glucosides of the peony, another important ingredient of Chang'an II, have shown immunoregulatory effects and anti-inflammatory effects [8, 9] . Moreover, the mixture of these components has been shown to be superior to the individual components alone. The model npg rats in our experiments showed greater levels of tension, anxiety and other emotions than the animals that received Chang'an II. Our findings support the hypothesis that behavioral factors are important determinants in the development of IBS post-infection.
In conclusion, Chang'an II protected the intestinal mucosa against PI-IBS owing to its anti-inflammatory, immunomodulatory and anti-anxiety effects.
